Abstract -Compared with the other major nutrients, phosphorus is by far the least mobile and available to plants in most soil conditions. Although phosphorus is abundant in soils in both organic and inorganic forms, it is frequently a major or even the prime limiting factor for plant growth. The bioavailability of soil inorganic phosphorus in the rhizosphere varies considerably with plant species, nutritional status of soil and ambient soil conditions. To circumvent phosphorus deficiency, phosphate-solubilizing microorganisms (PSM) could play an important role in supplying phosphate to plants in a more environmentally-friendly and sustainable manner. The solubilization of phosphatic compounds by naturally abundant PSM is very common under in vitro conditions; the performance of PSM in situ has been contradictory. The variability in the performance has thus greatly hampered the large-scale application of PSM in sustainable agriculture. Numerous reasons have been suggested for this, but none of them have been conclusively investigated. Despite the variations in their performance, PSM are widely applied in agronomic practices in order to increase the productivity of crops while maintaining the health of soils. This review presents the results of studies on the utilization of PSM for direct application in agriculture under a wide range of agro-ecological conditions with a view to fostering sustainable agricultural intensification in developing countries of the tropics and subtropics.
INTRODUCTION
As the world's human population continues to increase, the demands placed upon agriculture to supply future food will be one of the greatest challenges facing the agrarian community. In order to meet this challenge, a great deal of effort focusing on the soil biological system and the agro-ecosystem as a whole is needed to understand better the complex processes and interactions governing the stability of agricultural land. At the present time, food is (generally) not in short supply (rather, there is a lack of timely distribution of foods to areas of need) due, in part, to high-input agriculture, which in turn caused the green revolution. The green revolution has been one of the most profoundly successful human activities resulting in global food security and, consequently, transformed some of the developing countries, such as India, from being food-deficient to having a food surplus. However, the consistent and alarming increase in the human population has again threatened the world's food security. There is therefore an urgent need for a second green revolution to increase the food production by around 50% in the next 20 years in order to sustain the population pressure (Vasil, 1998; Leisinger, 1999) .
Chemical fertilizers, e.g., manufactured water-soluble phosphatic (WSP) fertilizers (superphosphates) have played a significant role in the green revolution and are commonly recommended to correct phosphorus deficiencies. Most developing countries, however, import these fertilizers, which are often in limited supply and represent a major outlay for resource-poor farmers. In addition, intensification of agricultural production in these countries necessitates the addition of phosphate not only to increase crop production but also to improve soil phosphatic status in order to avoid further soil degradation. Moreover, the use of chemical fertilizers is reaching the theoretical maximum use beyond which there will be no further increase in crop yields (Ahmed, 1995) . However, it is becoming increasingly clear that conventional agricultural practices cannot sustain the production base, a healthy plantsoil system, for too long; while, to augment crop productivity, agronomists depend heavily on chemical fertilizers. In this context, after nitrogen, phosphorus is an essential plant nutrient whose deficiency restricts crop yields severely. Tropical and subtropical soils are predominantly acidic, and often extremely phosphorus-deficient (Gaume, 2000) with high phosphorus sorption (fixation) capacities. On average, most mineral nutrients in soil solution are present in millimolar amounts but phosphorus is present only in micromolar or lesser quantities (Ozanne, 1980) . The low levels of phosphorus are due to high reactivity of soluble phosphate with other elements. For instance, in acidic soils phosphorus is associated with aluminium and iron compounds (Norrish and Rosser, 1983) , whereas calcium phosphate is the predominant form of inorganic phosphate in calcareous soils (Lindsay et al., 1989) .
Organic phosphate may also make up a large fraction of soluble phosphate, as much as 50% in soils with high organic matter content (Barber, 1984) . Since the indiscriminate and excessive application of chemical fertilizers has led to health and environmental hazards, agronomists are desperate to find alternative strategies that can ensure competitive yields while protecting the health of soils. This new approach to farming, often referred to as sustainable agriculture, requires agricultural practices that are friendlier to the environment and that maintain the long-term ecological balance of the soil ecosystem. In this context, use of microbial inoculants (biofertilizers) including PSM in agriculture represents an environmentallyfriendly alternative to further applications of mineral fertilizers. A continued exploration of the natural biodiversity of soil microorganisms and the optimization/manipulation of microbial interactions in the rhizosphere represents a prerequisite step to developing more efficient microbial inoculants with phosphorus-solubilizing ability.
URGENT NEED FOR PHOSPHATE-SOLUBILIZING MICROORGANISMS IN PLANT PHOSPHATE NUTRITION
The production of chemical phosphatic fertilizers is a highly energy-intensive process requiring energy worth US $ 4 billion per annum in order to meet the global need (Goldstein et al., 1993) . The situation is further compounded by the fact that almost 75-90% of added phosphatic fertilizer is precipitated by metal cation complexes present in the soils (Stevenson, 1986) . Further, it has been suggested that the accumulated phosphates in agricultural soils are sufficient to sustain maximum crop yields worldwide for about 100 years (Goldstein et al., 1993) . Thus, the dependence of fertilizer production on a fossil energy source and the prospects of the diminishing availability of costly input of fertilizer production in years to come have obviously brought the subject of mineral phosphate solubilization (mps) to the forefront. Hence, it is imperative to explore alternative phosphatic sources. Under diverse soil and agro-climatic conditions, the organisms with phosphate-solubilizing abilities have proved to be an economically sound alternative to the more expensive superphosphates and possess a greater agronomic utility. The microbial system can siphon out appreciable amounts of nutrients from the natural reservoir and enrich the soil with the important but scarce nutrients. The crop microbial ecosystem can thus be energized in sustainable agriculture with considerable ecological stability and environmental quality. The organisms with phosphate-solubilizing potential increase the availability of soluble phosphate and can enhance plant growth by increasing the efficiency of biological nitrogen fixation or enhancing the availability of other trace elements such as iron, zinc, etc., and by production of plant growth-promoting regulators (Sattar and Gaur, 1987; Kucey et al., 1989; Ponmurugan and Gopi, 2006) .
NATURE OF PHOSPHATIC BIOFERTILIZERS
The majority of crop plants have been found to be positively affected by the association with rhizospheric microorganisms under phosphorus-deficient conditions. This association could result either in improved uptake of the available phosphates or rendering unavailable phosphorus sources accessible to the plant. Arbuscular mycorrhizae (AM) belong to the former category, while the latter category includes numerous bacteria and fungi capable of solubilizing insoluble mineral phosphate. In the present section, an attempt is made to identify such natural phosphate-solubilizing organisms.
Phosphate-solubilizing microorganisms
Microorganisms are an important component of soil and directly or indirectly influence the soil's health through their beneficial or detrimental activities. Rhizospheric microorganisms mediate soil processes such as decomposition, nutrient mobilization and mineralization, storage release of nutrients and water, nitrogen fixation and denitrification. Furthermore, the organisms possessing a phosphate-solubilizing ability can also convert the insoluble phosphatic compounds into soluble forms (Kang et al., 2002; Pradhan and Sukla, 2005) in soil and make them available to the crops. The role of rhizospheric organisms in mineral phosphate solubilization was known as early as 1903. Since then, there have been extensive studies on mineral phosphate solubilization by naturally abundant rhizospheric microorganisms. Important genera of mineral phosphate solubilizers include Bacillus and Pseudomonas (Illmer and Schinner, 1992) , while Aspergillus and Penicillium form the important fungal genera (Motsara et al., 1995) . Recently, the nematofungus Arthrobotrys oligospora was tested in vitro and in vivo for its ability to solubilize Kodjari rock phosphate (Burkina Faso, KRP), Togolese rock phosphate (Senegal TRP) and Tilemsi rock phosphate (Mali TIRP). All three types of rock phosphates were solubilized by the fungus and demonstrated the ability to solubilize additional phosphate from rock phosphates in vivo as well (Duponnois et al., 2006) . Most of the impact with the use of microorganisms as biofertilizers has been directed towards understanding biological nitrogen fixation. In contrast, the fundamental work on phosphate solubilization by nodule bacteria has been substantially less; though it is known that phosphorus is the most limiting factor for nitrogen fixation by Rhizobium-legume symbiosis. There are only a few reports of phosphate solubilization by Rhizobium (Halder et al., 1991; Abd-Alla, 1994; Chabot et al., 1996) and the non-symbiotic nitrogen fixer, Azotobacter (Kumar et al., 2001) . Phosphate-solubilizing microorganisms are ubiquitous, whose numbers vary from soil to soil. In soil, phosphate-solubilizing bacteria constitute 1-50% and fungi 0.5%-0.1% of the total respective population. Generally, the phosphate-solubilizing bacteria outnumber phosphate-solubilizing fungi by 2-150 times (Kucey, 1983) . The high proportion of PSM is concentrated in the rhizospheres and is known to be more metabolically active than those isolated from sources other than the rhizosphere (Vazquez et al., 2000) . Conversely, the salt-, pH-and temperature-tolerant phosphate-solubilizing bacteria have been reported to be maximum in the rhizoplane followed by the rhizosphere and root-free soil in alkaline soils (Johri et al., 1999) . The PSM strains with these stressed properties should therefore serve as an excellent model for studying the physiological, biochemical and molecular mechanisms of phosphate solubilization under stressed ecosystems. Further, it Role of phosphate-solubilizing microorganisms in sustainable agriculture 31 has been observed that phosphate-solubilizing bacteria upon repeated sub-culturing lose the phosphate-solubilizing activity, but such losses have not been observed in phosphate-solubilizing fungus (Kucey, 1983) . In general, phosphate-solubilizing fungi produce more acids and consequently exhibit greater phosphate-solubilizing activity than bacteria in both liquid and solid media (Venkateswarlu et al., 1984) . The phosphate-solubilizing ability of PSM also depends on the nature of the nitrogen source used in the media, with greater solubilization in the presence of ammonium salts than when nitrate is used as nitrogen source. This has been attributed to the extrusion of protons to compensate for ammonium uptake, leading to a decreased extra-cellular pH (Roos and Luckner, 1984) . In some cases, however, ammonium can lead to a decrease in phosphorus solubilization (Reyes et al., 1999) .
Search for phosphate-solubilizing microorganisms
Phosphate-solubilizing microorganisms can be isolated using serial dilutions or enrichment culture techniques on/in Pikovskaya medium (Pikovskaya, 1948 ) from non-rhizosphere and rhizosphere soils, the rhizoplane, and also from other environments, such as rock phosphate deposit area soil and marine environments (Gaur, 1990) . Upon incubation of the organisms on the solid plates containing insoluble phosphate, PSM are detected by the formation of clear halos around their colonies (Fig. 1) . Recently, a few other methods for the isolation and selection of PSM have been suggested Nautiyal, 1999) . Since certain strains of phosphate-solubilizing organisms exhibit manyfold variation in phosphate-solubilizing activity and instability with regard to their phosphate-solubilizing activity (Illmer and Schinner, 1992) , they are repeatedly sub-cultured to test the persistence of their phosphate-solubilizing potential. Once the efficient phosphate-solubilizing organisms are selected, they are tested for their ability to solubilize insoluble phosphate under liquid culture medium. Finally, the selected efficient phosphate-solubilizing cultures are used for making the inoculants and their performance under pot/field conditions is tested against various crops.
Mechanism of phosphate solubilizationan overview
Many researchers have quantitatively investigated the ability of PSM to solubilize insoluble phosphate in pure liquid culture medium (Whitelaw, 2000; Narula et al., 2000) . The microbial solubilization of soil phosphorus in liquid medium has often been due to the excretion of organic acids (Tab. I). For instance, oxalic acid, citric acid, lactic acid, etc. in liquid culture filtrates were determined by paper chromatography or thin layer chromatography or by high-performance liquid chromatography and certain enzymatic methods to allow more accurate identification of unknown organic acids (Gyaneshwar et al., 1998) . Such organic acids can either directly dissolve the mineral phosphate as a result of anion exchange of PO 4 2-by acid anion or can chelate both iron and aluminium ions associated with phosphate (Omar, 1998) . In certain cases phosphate solubilization is induced by phosphate starvation (Gyaneshwar et al., 1999) . However, no definite correlation between the acids produced by PSM and amounts of phosphate solubilized are reported (Asea et al., 1988) . The role of organic acids produced by PSM in solubilizing insoluble phosphate may be due to the lowering of pH, chelation of cations and by competing with phosphate for adsorption sites in soil (Nahas, 1996) . Inorganic acids, e.g., hydrochloric acid can also solubilize phosphate but they are less effective compared with organic acids at the same pH (Kim et al., 1997) . However, acidification does not seem to be the only mechanism of solubilization, as the ability to reduce the pH in some cases did not correlate with the ability to solubilize mineral phosphates (Subba Rao, 1982) . The chelating ability of organic acids is also important, as it has been shown that the addition of 0.05M EDTA to the medium has the same solubilizing effect as inoculation with Penicillium bilaii (Kucey, 1988) . Among nodule bacteria (e.g., Rhizobium/ Bradyrhizobium), the phosphate-solubilizing activity of Rhizobium was associated with the production of 2-ketogluconic acid which was abolished by the addition of NaOH, indicating that the phosphate-solubilizing activity of this organism was entirely due to its ability to reduce the pH of the medium (Halder and Chakrabarty, 1993) . However, the detailed biochemical and molecular mechanisms of phosphate solubilization by symbiotic nodule bacteria are not known. 
Production of phosphate-solubilizing microorganism inoculants
Efficient PSM cultures are mass-produced for supply to the farmers as microphos. The production of microphos, i.e., a preparation containing microorganisms with phosphate-solubilizing activity, includes three phases: the first concerns selection and testing of phosphate-solubilizing strains; secondly, inoculant preparation, including selection and processing of the material carrier and mass culture of PSM; and thirdly, quality control procedures and distribution. For microphos production, peat, farmyard manure (FYM), soil and cow dung cake powder have been suggested as suitable carriers (Kundu and Gaur, 1981) . Finally, the cultures are packed in polybags and can safely be stored for about three months at 30 ± 2 °C. In India, a microbial preparation termed Indian Agricultural Research Institute (IARI) microphos culture (Gaur, 1990) was developed that contained two efficient phosphate-solubilizing bacteria (Pseudomonas striata and Bacillus polymyxa) and three phosphate-solubilizing fungi (Aspergillus awamori, A. niger and Penicillium digitatum).
Mycorrhizae
Phosphorus is an essential element for plant nutrition and it can only be assimilated as soluble phosphate. However, in natural conditions, most of the phosphatic soil content (soil mineral phosphate, i.e., rock phosphate and organic phosphorus) is poorly soluble. Moreover, among soil microorganisms, arbuscular mycorrhizal fungi have been found to be essential components of sustainable soil-plant systems (Schreiner et al., 2003) . Arbuscular mycorrhizal fungi increased plant uptake of phosphate (Bolan, 1991) , micronutrients (Burkert and Robson, 1994) , nitrogen (Barea et al., 1991) and soil aggregation (Tisdall, 1994) , and act as antagonists against some plant pathogens (Duponnois et al., 2005) . Moreover, it has been demonstrated that plants inoculated with arbuscular mycorrhizal fungi utilize more soluble phosphate from rock phosphate than noninoculated plants (Antunes and Cardoso, 1991; Guissou et al., 2001) . The main explanation is that mycorrhizas developed an extramatrical mycelium, which increased the root phosphateabsorbing sites (Bolan, 1991) . Since arbuscular mycorrhizal fungi are obligate endosymbionts and live on carbohydrates Vassilev et al., 1996 A. niger Citric, oxalic, gluconic Illmer et al., 1995 A. awamori, A. foetidus, A. terricola, A. amstelodemi, A. tamari Oxalic, citric Gupta et al., 1994 A. japonicus Oxalic, succinic, citric, 2-ketgluconic Banik and Dey, 1983 obtained from the root cells, all soil factors affecting plant growth and physiology will also modify fungal activity and, in turn, influence the structure and functioning of bacterial communities (Azaizeh et al., 1995) . It is now well established that arbuscular mycorrhizal fungi modify root functions (i.e. root exuadation) (Marshner et al., 1997) , change the carbohydrate metabolism of the host plant (Schachar-Hill et al., 1995) and influence rhizosphere populations (Hobbie, 1992) . Microorganisms in the hyphosphere of arbuscular mycorrhizal fungi may thus affect mycorrhizal functions such as nutrient and water uptake carried out by the external hyphae of arbuscular mycorrhizal fungi. An intimate relationship between arbuscular mycorrhizal fungi and plants has existed for at least 350 million years (Remy et al., 1994) . This co-evolution has involved numerous interactions at the ecological, physiological and molecular levels between these organisms during the long development of the symbiosis. Today, about 95% of the world's extant species of vesicular plants that are typically mycorrizal, making this association of fundamental importance in all ecosystems (Trappe, 1987) . During the intergeneric interactions, arbuscular mycorrhizal fungi are believed to enhance the phosphate nutrition of plants by scavenging the available phosphorus due to the large surface area of their hyphae, and by their high-affinity phosphate uptake mechanisms (Hayman, 1983) . The role of arbuscular mycorrhizal fungi in improving plant phosphate nutrition and their interaction with other soil biota have been investigated with reference to host plant growth, but little is known about how these fungi affect the phosphorus status of soils. However, there are reports of organic acid production by arbuscular mycorrhizal fungi (Lapeyrie, 1988 ) that could solubilize the insoluble mineral phosphate. Production of organic acids by arbuscular mycorrhizal would certainly affect the availability of acid-labile insoluble phosphate and the whole issue of an arbuscular mycorrhizal-mediated increase in available phosphate needs re-examination. Among the mycorrhizal fungi, ectomycorrhizal fungi possess phosphate-solubilizing activity (Lapeyrie et al., 1991) and are capable of utilizing phosphate from inositol phosphates. They also possess phosphatase activity, through which they affect the release of phosphate from soil organic matter (Koide and Schreiner, 1992) . In addition, arbuscular mycorrhizal fungi can exert a selective influence on soil microbial communities through a multiplication of -ketoglutarate catabolizing microorganisms (Duponnois et al., 2005) . However, more research is required to specify the ecological relevance of arbuscular mycorrhizal symbiosis and their associated microbial communities. In addition, arbuscular mycorrhizal fungi can also make iron phosphates available to developing crops (Bolan et al., 1987) . However, arbuscular mycorrhizal fungi in general do not colonize plant roots strongly under phosphorus-sufficient conditions (Amijee et al., 1989) and consequently the growth of certain plants has been found to be decreased by arbuscular mycorrhizal colonization in the presence of available phosphate (Son and Smith, 1995) .
PHOSPHATE-SOLUBILIZING MICROORGANISMS AS INOCULANTS FOR SUSTAINABLE AGRICULTURE
The word "sustain", from the Latin sustinere (sus-, from below and tenere, to hold), to keep in existence or maintain, implies long-term support or permanence. As it pertains to agriculture, sustainable describes farming systems that are "capable" of maintaining their productivity and usefulness to society indefinitely. Such systems must be resource-conserving, socially supportive, commercially competitive and environmentally sound. Thus, the term sustainable agriculture means an integrated system of plant and animal production practices with a site-specific application that will, over the long term: satisfy human food and fiber needs, enhance environmental quality and sustain the economic viability of farm operations. It is achieved through management strategies, which help the producer select hybrids and varieties, soil-conserving cultural practices, soil fertility programs and pest management programs. The goal of sustainable agriculture is, hence, to minimize adverse impacts to the immediate and off-farm environments while providing a sustained level of production and profit. However, the most important constraint limiting crop yields in developing nations worldwide, and especially among resource-poor farmers, is soil fertility. Unless the soil fertility is restored in these areas, farmers can gain little benefit from the use of improved varieties and more productive cultural practices. Soil fertility can be restored effectively through the concept of integrated soil fertility management (ISFM), encompassing a strategy for nutrient management based on natural resource conservation, biological nitrogen fixation and increased efficiency of the inputs. In general, crop yields could be improved by enhancing the phosphate availability through the application of phosphatic fertilizers. However, the global energy crisis and dwindling resources have increased the cost of chemical fertilizers and this trend is expected to continue. Increasing the level of food production without affecting the cost-benefit ratio is thus a challenging task ahead of scientists worldwide. Agronomists are therefore looking vigorously for an alternative source of phosphatic fertilizer to supplement, or to replace in some cases, the chemical fertilizers to ensure competitive yields of crops. So, an alternative to chemical phosphatic fertilizers is the exploitation of various microbial processes encompassed in the soil-root interface (rhizosphere). Microorganisms that colonize the rhizosphere are actively engaged in phosphorus transformation in soil and transport phosphate to the plants. The use of phosphate-solubilizing organisms in agronomic practices is advocated for several reasons. For example, they improve soil fertility through their sustained activities in the soil, increase plant growth and crop yield through increased nutrient availability, do not cause environmental pollution, improve soil heath and conditioning, protect plants against some soilborne pathogens and involve low-cost technology for their production with a high cost-benefit ratio.
For agronomic purposes, phosphorus is second only to nitrogen as the most limiting element for plant growth. Phosphorus promotes nitrogen fixation in legume crops and is essential for photosynthesis, energy and sugar production (Saber et al., 2005) . Microbial involvement in the solubilization of inorganic phosphate is well documented. Most of the studies on phosphate solubilization were, however, centered on the isolation of the microorganisms from the rhizospheric soil and then evaluating their phosphate-solubilizing activity under in vitro conditions. The investigations into solubilization of phosphorus under field conditions and its uptake by plants were, however, started later. In this context, the beneficial effects of inoculation with PSM for many crop plants have been described (Zaidi and Khan, 2005; Zaidi et al., 2003 Zaidi et al., , 2004 . Nitrogen-fixing bacteria are, perhaps, the most promising group of PSM on account of their ability to fix nitrogen symbiotically (legumes) or asymbiotically (non-legumes), together with the ability of some strains to solubilize inorganic phosphatic compounds. Several publications have demonstrated that phosphate-solubilizing strains of Rhizobium, Bradyrhizobium and Azotobacter increase growth and phosphorus content in both non-leguminous and leguminous plants. An alternative approach for the use of PSM as microbial inoculants is either the use of mixed cultures or co-inoculation with other microorganisms. In this regard, some results suggest a synergistic interaction between arbuscular mycorrhizal fungi and phosphate-solubilizing bacteria, which allows for better utilization of poorly soluble phosphatic sources. Phosphate-solubilizing bacteria have already been applied as effective inoculants in agronomic practices to raise the crop productivity. For example, in the former Soviet Union a commercial biofertilizer under the name "phosphobacterin" was first prepared using Bacillus megaterium var. phosphaticum and later on was frequently applied in East European countries and India. In the following section how PSM are applied in sustainable agriculture will be discussed.
HOW ARE PHOSPHATE-SOLUBILIZING MICROORGANISMS APPLIED?
Since the introduction of PSM inoculants, the application of PSM inoculant to the seed surface prior to sowing is traditionally the most commonly used and easiest means of inoculation. When properly applied, this method ensures that each seed receives the introduced microphos. Disadvantages include a limitation of the quantity that can adhere to the seed surface, direct contact with any seed-applied chemicals, movement of PSM away from the rooting zone and exposure to environmental stress after planting. However, the use of a sticker solution, e.g., gum arabic improves the adherence of the inoculant PSM on the seed. There are, however, certain situations where seed applications may be an ineffective means of application, e.g., with seeds dressed with pesticides incompatible with PSM. Under such circumstances, soil application may be followed. Inoculants applied to the soil have the following advantagesgreater population of PSM per unit area, direct contact with chemically-treated seeds is minimized, elimination of seed mixing, and apparent ability to withstand low moisture conditions better than the powder form. Thus, in accordance with these considerations, two approaches can be applied for PSM inoculation-firstly, the single culture approach (SCA), where phosphate-solubilizing organisms can be used alone, and secondly, the multiple or mixed culture approach (MCA), often called co-inoculation, where PSM are used along with other beneficial rhizosphere microorganisms
FACTORS AFFECTING THE SURVIVAL OF PHOSPHATE-SOLUBILIZING MICROORGANISM INOCULANTS
The competitiveness of a phosphate-solubilizing microorganism in natural environments will depend upon its ability to survive and multiply in soil. However, understanding of this part of the use of PSM is the most limiting factor and it is difficult, if not impossible, to predict the behavior and efficacy of the inoculated PSM in a particular location. In general, the population size or density of the artificially introduced PSM decline rapidly upon introduction into soils (Ho and Ko, 1985) . The survival of the inoculant strain thus depends upon various factors, such as soil composition (Bashan et al., 1995) , physiological status, temperature, pH, moisture content (Van Elsas et al., 1991) and the presence of recombinant plasmids (Van Veen et al., 1997) . The biotic factors that affect the survival of the inoculated PSM include competition, predation and root growth that provides the substrates to the microbes.
CROP RESPONSE TO COMPOSITE INOCULATIONS
The soil is a habitat for a vast, complex and interactive community of naturally occurring soil organisms, whose activities largely determine the physico-chemical properties of the soil and consequently promote the growth of the crop plants. From seed germination until a plant reaches maturity, it lives in close association with soil organisms. The association is termed rhizocoenosis (Lynch, 1983) and, hence, the rhizosphere that harbors heterogeneous microbial communities with sufficient phosphate-solubilizing abilities becomes an important soil habitat. Therefore, the focus of attention has now been shifted from plant microbe interactions to plant microbe-microbe interactions. Recently, some instances have been reported where plant growth has been markedly enhanced using two or three member associations of rhizospheric organisms and such syntropic associations are of paramount agronomic utility. In the present section, an attempt is made to address and discuss the interactions of PSM with other rhizospheric microorganisms and their impact on crop yield.
Interaction between phosphate-solubilizing and nitrogen-fixing organisms
Nitrogen and phosphorus are the two major plant nutrients, and combined inoculation of nitrogen fixers and PSM may benefit the plants better than either group of organisms alone. Interaction studies have been done both in vitro and in vivo (Sarojini et al., 1989) . Phosphate solubilization was observed by mixed cultures (e.g., Pseudomonas striata, Bradyrhizobium sp. and Mesorhizobium ciceri), suggesting that they could be used as mixed microbial inoculant (Fig. 2) . Further, no antagonistic behavior of one organism towards another was noted (Fig. 3) . Thus, mixed cultures or co-inoculation with other microorganisms are generally preferred over single inoculation treatments. In this context, nitrogen fixers and PSM when inoculated together colonized the rhizosphere and enhanced the growth of legumes by providing them with nitrogen and phosphate, respectively (Gull et al., 2004) . Nitrogen-fixing organisms not only provide nitrogen to the plants, but also improve the nitrogen status of soil, alone or in combination with PSM. Accordingly, the application of phosphate-solubilizing bacteria (Pseudomonas striata) and nodule bacteria gave significantly higher yield in greengram (Khan et al., 1997) and chickpea (Algawadi and Gaur, 1988) than obtained by the use of Rhizobium alone. Furthermore, Rhizobium and phosphate-solubilizing fungi (Aspergillus awamori), when used as seed inoculant, increased the grain yield of chickpea under field conditions (Dudeja et al., 1981) . Similarly, the effect of interactions between three phosphate-solubilizing fungi: namely, Aspergillus niger, A. fumigatus and Penicillium pinophilum and nitrogen-fixing Rhizobium leguminosarum biovar viciae showed significantly greater positive effects on growth, nutrient uptake (nitrogen and phosphorus) and consequently, the yield of Vicia faba under field conditions (Mehana and Wahid, 2002) . Longterm (10-year) trials using phosphate-solubilizing bacteria and nitrogen-fixing organisms enhanced the seed production in soybean crops and were found to be more effective compared with superphosphate alone (Dubey, 2001) . In a similar study, single or combined inoculation with PSM and nitrogen fixers had a positive effect on the yield and nutrient uptake of cereals and legume crops (Sarojini and Mathur, 1990; Kumar et al., 2001; Whitelaw, 2000) .
A beneficial effect of phosphate solubilizer alone and in combination with nitrogen fixer on cotton in fields (Kundu and Gaur, 1980) and wheat (Zaidi and Khan, 2005) has been reported. Co-inoculation studies using Rhizobium and phosphate-solubilizing bacteria have been carried out by many researchers (Kucey, 1987; Downey and Van Kussel, 1990) . Similar results were obtained for French bean (phaseolus vrisulga) when inoculated with Agrobacterium, a phosphate solubilizer. In contrast, beans grown in autoclaved soil inoculated with phosphate-solubilizing Penicillum baliji, and R.. phaseoli showed no significant increase in dry matter or total uptake of phosphate (Kucey, 1987) . Further, a decrease in total nitrogen fixation in field peas due to dual inoculation of Penicillium bilaji and Rhizobium leguminosarum has also been reported (Downey and Van Kussel, 1990) . It was suggested that the adverse effect of Penicillium bilaji on nitrogen fixation might be explained by the mode of action of the fungus. The phosphate-releasing fungi produce more organic acids (Venkateswarlu et al., 1984) , which enhance the solubilization of phosphate. However, most rhizobia prefer neutral or alkaline conditions during nodulation. These results suggest that before carrying out in vitro studies, the compatibility between the two associates must be checked in vivo.
Combined inoculation of Rhizobium and phosphate-solubilizing Pseudomonas striata or Bacillus polymyxa with or without added fertilizers on chickpea yield and nutrient content was studied under greenhouse conditions. Rhizobium inoculation alone increased nodulation and nitrogenase activity, whereas the phosphate-solubilizing organism increased the available phosphorus content of the soil. The combined inoculation increased nodulation and available phosphate of the soil, as well as the dry matter of the plants, grain yield and phosphorus and nitrogen uptake by the plants. The inoculation effects, however, were more pronounced in the presence of added fertilizers (Algawadi and Gaur, 1988) . In a pot experiment, lentil seeds were inoculated with Rhizobium leguminosarum along with increasing doses (50, 100, 200 and 400 kg/feddan, 1 feddan = 0.42 ha) of rock phosphate with or without a 1:1 mixture of elemental sulfur and rock phosphate in the presence or absence of phosphate-solubilizing bacteria. Plant dry weight and nitrogen, phosphorus, iron, zinc, manganese and copper uptake increased with rock phosphate, sulfur and phosphate-solubilizing bacteria compared with untreated control. Dry matter yield and nutrient uptake was slightly higher with sulfur application (Saber and Kabesh, 1990) . A combination of Azotobacter chroococcum GA-1 and GA-3 with Penicillium HF-4 and HF-5 and Aspergillus GF-1 and GF-2 increased radicle and plumule length, but the remaining culture combinations decreased radicle/plumule length. A significant increase in mungbean yield and groundnut yield was observed with the inoculation of Rhizobium spp. and phosphate-solubilizing bacteria along with phosphatic fertilizers (Khan et al., 1997 (Khan et al., , 1998 . Moreover, the microbes that are involved in phosphate solubilization, as well as carrying out better scavenging of soluble phosphate, can enhance plant growth by improving the efficiency of biological nitrogen fixation, accelerating the availability of other trace elements, and by production of phytohormones (Fig. 4) . Accordingly, increase in yield of various legumes has been observed following seed or soil inoculation with nitrogen-fixing organisms and PSM (Zaidi, 1999; Perveen et al., 2002) or PSM and arbuscular mycorrhizal fungus (Mukherjee and Rai, 2000) . It has further been suggested that about 50% of phosphatic fertilizer requirement could be saved by the combined inoculation of Rhizobium strain Tt 9 with Bacillus megaterium var. phosphaticum in groundnut. Rhizobium strain Tt 9 along with phosphobacteria at a 75% phosphate level recorded higher nodule number, root length and shoot length and increased pod yield than dual inoculation at a 100% phosphorus level in groundnut (Natarajan and Subramanian, 1995) . However, no significant increase in phosphate contents in pigeonpea plants inoculated with Rhizobium (CCI) with Bacillus megaterium var. phosphaticum was observed (Gunasekaran and Pandiyarajan, 1995) . Similarly, about a 37% increase in the grain yield of blackgram was reported following the inoculation of Rhizobium and Bacillus megaterium (Prabakaran et al., 1996) . Gaind and Gaur (1991) reported improved nodulation, available P 2 O 5 Role of phosphate-solubilizing microorganisms in sustainable agriculture 37 content of soil, root and shoot biomass, straw and grain yield and nitrogen and phosphorus uptake by moongbean [Vigna raiata (L.) wilczek] plants upon inoculation with thermo-tolerant species of phosphate-solubilizing Bacillus subtilus, B. circulans and Aspergillus niger. Dubey and Billore (1992) showed an increase in yields of legumes after inoculation with rock phosphate and the phosphate-solubilizing bacteria, Bacillus megaterium and Pseudomonas striata, and the phosphatesolubilizing fungus Aspergillus awamori and suggested using low-grade rock phosphate for both neutral and alkaline soils with phosphate-solubilizing inoculants. The effect of inoculation with the phosphate-solubilizing bacterium Bacillus firmus, irrigation schedules and phosphorus levels on lentil (Lens esculentus) and black gram (Vigna mungo) resulted in significantly greater seed yield in field trials during the winter seasons (Tomar et al., 1993) . While, in a number of field trials carried out during 1991 and 1992 using soybean as a test crop under rainfed conditions on vertisol, a significantly greater yield and phosphorus content in the plants were observed when seeds were bacterized with Pseudomonas striata and rock phosphate than compared with single superphosphate application (Dubey, 1996) . 
Symbioses between phosphate-solubilizing microorganisms and arbuscular mycorrhizal fungi
Mycorrhizal fungi are ubiquitous soil inhabitants and form symbioses with terrestrial plants (Jeffries, 1987) . However, in association with nitrogen fixers, arbuscular mycorrhizal fungi increase nitrogen and phosphatic nutrients of plants, especially in phosphorus-deficient soil (Cruz et al., 1988) . In addition, PSM interact well with arbuscular mycorrhizal fungi in phosphorus-deficient soils or soils with rock phosphate (Poi et al., 1989) . PSM can release some phosphatic ions from otherwise sparingly soluble phosphorus sources (Barea et al., 1983) , which are tapped and translocated by the arbuscular mycorrhizal fungal hyphae to the plant (Azcon-Aguilar et al., 1986) . Moreover, the PSM survive longer around mycorrhizal roots compared with non-mycorrhizal roots and act synergistically with the arbuscular mycorrhizal fungus, leading to increased plant growth, especially where rock phosphate is applied to soil (Singh, 1990) . Simultaneous dual inoculation of arbuscular mycorrhizal fungi and PSM has been shown to stimulate plant growth more than inoculation of either microorganism alone in certain situations when the soil is phosphorus-deficient (Piccini and Azcon, 1987) . The simplest interpretation of this fact is that the mycorrhizal endophyte could be stimulated in quantity, efficiency and longevity. The main effect of this mycorrhiza in improving plant growth is through improved uptake of nutrients, especially phosphorus, due to the exploration by the external hyphae of the soil beyond the root-hair zone where phosphorus is depleted. Besides, root exudation and plasticity might change by PSM inoculation, which could also affect arbuscular mycorrhizal development. The arbuscular mycorrhizal fungi also produce plant hormones and increase the activity of nitrogen-fixing organisms in the root zone (Bagyaraj, 1984) . However, a more thorough understanding of interactions between soil microorganisms is needed for an optimal utilization of these interactions with respect to the growth and development of plants. When centrosema macrocarpum plants were inoculated with Rhizobium strains and the arbuscular mycorrhizal fungi Glomus manihotis or Acaulospora longula, a significantly greater dry matter production, mineral absorption, nodulation and infection by arbuscular mycorrhizal fungi was recorded (Satizabal and Saif, 1987) . However, a small amount of nitrogen fertilizer was suggested for application at the time of sowing. The dual inoculation of Azotobacter chroococcum and Glomus fasciculatum enhanced root infection of arbuscular mycorrhizal fungi, stimulated plant growth, and increased nitrogen, phosphorus and zinc contents in maize and wheat (Elgala et al., 1995) . Similarly, a significant increase in dry matter yield of wheat plants following dual inoculation of rock phosphate-solubilizing fungi (Aspergillus niger and Penicillium citrinum) and Glomus constrictum was recorded (Omar, 1998) . Combined inoculation of Rhizobium and Glomus etunicatum and application of rock phosphate or PSM and arbuscular mycorrhizal fungus gave the greatest yield and had variable effects on nodulation in clovers (Leopold and Hofner, 1991) , mungbean (Zaidi et al., 2004) , cowpea (Thiagarajan et al., 1992) and chickpea (Poi et al., 1989) . Experiments have revealed that the establishment of arbuscular mycorrhizal fungus on the root system can alter the rhizospheric microbial populations (Ames et al., 1984) , which in turn affects the competitive interaction between introduced and native rhizobia for nodulation sites.
Tripartite symbioses between nitrogen fixers, phosphate solubilizers and arbuscular mycorrhizal fungi
In an earlier section the inoculation effects of single and dual cultures of nitrogen fixers and PSM on crop plants were discussed. However, very few reports are available on the effect of combined inoculation of crop plants with nitrogen fixers and PSM in the presence of arbuscular mycorrhizal fungus. During the inter-generic interaction, nitrogen-fixing microorganisms provide nitrogen to the plants and consequently improve the nitrogen status of the soil, while PSM enhance plant growth by providing it with phosphates. Where nitrogen and phosphorus are limiting, arbuscular mycorrhizal fungi may improve phosphate uptake for plants; the higher phosphorus concentration in the plant benefits the nitrogen fixers and the functioning of its nitrogenase, leading to increased nitrogen fixation, which in turn promotes root and mycorrhizal development. In a study, Singh and Singh (1993) investigated the associative effect of Bradyrhizobium japonicum, arbuscular mycorrhizal fungus and phosphate-solubilizing microbes on soybean in a mollisol. Inoculation with the endophyte alone resulted in 70% root colonization. Addition of rock phosphates or inoculation with phosphate-solubilizing bacteria except Bacillus polymyxa stimulated root infection of native as well as introduced arbuscular mycorrhizal endophytes. Application of rock phosphate with triple inoculation significantly increased grain yield, nodulation, nitrogen uptake and available soil phosphate. Further, Bethlenfalvay (1994) demonstrated the impact of Glomus mosseae, Bacillus sp. and Rhizobium sp. on plant growth and soil aggregation under Pisum sativum cultivation. Complex interaction was found among the three microorganisms, which in turn dramatically promoted plant growth and soil aggregation. It is evident from the earlier studies that a positive interaction exists between root colonization, phosphorus uptake and growth promotion, as observed by a few researchers (Zaidi et al., 2003; Zaidi and Khan, 2005) . Inoculation of Rhizobium, Bacillus polymyxa and Glomus faciculatum resulted in significantly greater dry matter production and PO 4 -uptake as compared with single or double inoculation (Poi et al., 1989) . However, no significant response of soybean to dual inoculation was observed (Kloepper et al., 1980) .
WHY DO PHOSPHATE-SOLUBILIZING MICROORGANISM INOCULATIONS FAIL?
Doubts have been raised about the ability of PSM to liberate phosphate under soil conditions (Tinker, 1980) . Growth promotion and crop yields following superphosphate supplementation, despite the abundance of PSM in the rhizosphere and bulk soils, raises important issues on the variations in the effectiveness of PSM inoculations. Why is phosphorus limited for plants when PSM are abundant in soils? Many reasons have been proposed to account for the variations in the effectiveness of PSM inoculations on plant growth and crop yields (Kucey et al., 1989) : 1 survival and colonization of inoculated PSM in the rhizosphere; 2 competition with native microorganisms; 3 nature and properties of soils and plant varieties; 4 insufficient nutrients in the rhizosphere to produce enough organic acids to solubilize phosphorus, and 5 inability of PSM to solubilize soil phosphorus. It has been shown that at least two PSM showing phosphate solubilization in laboratory conditions could not release phosphate from alkaline vertisols even when supplemented with other nutrients (Gyaneshwar et al., 1998) . Similarly, no soluble phosphate was liberated when non-sterilized bulk and rhizospheric soil samples were supplemented with carbon and nitrogen. The ability of the PSM to release phosphate from mineral phosphorus was significantly decreased, possibly due to the high buffering capacity of the soils, coupled with the PSM's inability to secrete high concentrations of organic acids.
Moreover, despite the promising results, PSM-based biofertilizers have not got widespread application in agriculture, mainly because of the variable response of plant species or genotypes to inoculation, depending on the bacterial strain used. The differential rhizosphere effect of crops in harboring a target phosphate-solubilizing bacterial strain or even the modulation of the bacterial phosphate-solubilizing capacity by specific root exudates may account for the observed differences. On the other hand, good competitive ability and high saprophytic competence are the major factors determining the success of a bacterial strain as an inoculant. Therefore, studies to find out the competitiveness and persistence of specific microbial populations in complex environments, such as the rhizosphere, should be addressed in order to obtain efficient inoculants. In this regard, efforts in order to obtain appropriate formulations of microbial inoculants, which protect the inoculant organism against environmental stresses and at the same time enhance and prolong its activity, may help in promoting the use of such beneficial bacteria in sustainable agriculture.
APPLICATION OF GENETIC ENGINEERING IN DEVELOPING SUPERPHOSPHATE-SOLUBILIZING MICROBIAL INOCULANTS
The performance of PSM inoculants depends heavily on their ability to colonize a particular rhizosphere habitat. The study of colonization of phosphate solubilizers provides useful information to solve the deficiency of phosphorus of soils. Plate counting and most-probable-number techniques have been used for the study of PSM communities in the rhizosphere. However, in general, less than 1% of the microorganisms in the environment can usually be cultured by standard techniques because these techniques fail to reproduce in artificial media. The niches of many microorganisms are found in high-diversity environments such as the rhizosphere. However, using strainspecific DNA probes we can decipher a considerable number of heterogenous groups of microorganisms in the rhizosphere (Cooper et al., 1998; Frederic et al., 2000) . Thus, the recent development of molecular biology techniques, which do not rely on cultivation methods, allows microbial ecologists to reveal inhabitants of natural microbial communities, which have not yet been cultured (Hugenholtz et al., 1998; Snaidr et al., 1998) . As a result, these techniques are now widely applied to characterizing microbial community structures in different environments (Holben et al., 1998; Nozawa et al., 1998) .
Two of these techniques, cloning and sequencing, allow us to determine which microorganisms are present in the community, but they are time-consuming. Hybridization and probing are faster, but require a sufficient knowledge of the community to choose the appropriate target sequence (Amann, 1995) . However, other molecular biology techniques such as amplified ribosomal DNA restriction analysis (ARDRA) or ribosomal intergenic spacer analysis (RISA) can be applied to study the PSM colonization or community structure. Even faster than hybridization and probing, ARDRA and RISA have been used in the analysis of mixed bacterial populations from different environments (Moyer et al., 1994; Martinez-Murcia et al., 1995) . Although ARDRA gives little or no information about the type of microorganisms present in the sample, it can be used for a quick assessment of genotypic changes in the community over time, or to compare communities subject to different environmental conditions. In comparison, RISA is a method of microbial community analysis that provides a means of comparing differing environments or treatment impacts without the bias imposed by culture-dependent approaches. In brief, RISA involves polymerase chain reaction amplification of a region of the rRNA gene operon between the small (16S) and large (23S) subunits called the intergenic spacer region (ISR). By using oligonucleotide primers targeted at conserved regions in the 16S and 23S genes, RISA fragments can be generated from most of the dominant bacteria in an environmental sample. While the majority of the rRNA operon serves as a structural function, portions of the 16S-23S intergenic regions can encode tRNAs, depending on the bacterial species. However, the taxonomic value of the ISR lies in the significant heterogeneity in both length and nucleotide sequence. In RISA, we thus attempt to exploit the length heterogeneity of the ISR. The use of such molecular techniques, having greater quantitative efficiency, can be extended to study the colonization and characterization of PSM inoculants under diverse environmental conditions. Moreover, the solubilization of mineral phosphate is carried out by organic acids, either by reduction in pH, or chelating the cations associated with phosphorus. A better understanding of the genetic basis of the release of organic acids could pave the way for transferring the mineral phosphate-solubilizing (mps) ability to various bacteria that are competent of colonizing a particular rhizosphere. Among the various factors, rhizosphere competence is a focal point that decides the success or failure of the inoculant. The rhizosphere has tremendous amounts of carbon sources that are available to the heterogeneous microbial communities in soil to produce different kinds of organic acids. In addition, the solubilized phosphates can be utilized by the plant before it gets precipitated again. Among the various organic acids, gluconic acid seems to be the major mechanism of phosphate solubilization by Gram-negative bacteria (Goldstein et al., 1993; Kim et al., 1998) . Gluconic acid is produced by the oxidative metabolism of glucose by glucose dehydrogenase (GDH), which requires pyrroloquinoline quinine (PQQ) as a cofactor. Thus, the genes involved in the biosynthesis/transport of PQQ can be cloned from various bacteria and transferred to other bacteria (Babu- Khan et al., 1995) . For instance, the rhizosphere competent bacteria (RCB) such as Rhizobium possess apo-GDH; it would be interesting to transfer the genes involved in PQQ biosynthesis to Rhizobium to make an effective and better PSM. The resulting Rhizobium strains will thus have phosphate-solubilizing (PS) activity in addition to their natural nitrogen-fixing ability. Another important rhizosphere competent bacterium (Pseudomonas spp.) can form gluconic acid through the oxidative glucose metabolism and overexpression of PQQ biosynthesis and GDH genes could also make it a better PSM (Fig. 5) . The alternative approach is to screen the mineral phosphate-solubilizing (mps) genes directly in the target bacteria by over/underexpression of genes, followed by the selection of transformants with mineral phosphate-solubilizing ability. Such an approach has been used to obtain mineral phosphate-solubilizing genes from Synechosystis PCC 6803 in E. coli (Gyaneshwar, 1998) . However, it remains to be seen if this will also be effective in other bacteria. Genetic engineering could also help in increasing the survival of the inoculant strains by incorporating the abilities to utilize certain nutrients better than the rest of the microbial populations (Glick and Bashan, 1997) . Also, genes for utilization of salicylate were transferred to a growth-promoting bacteria and the recombinant bacterium was able to survive and enhance plant growth better than the wild type (Colbert et al., 1993) .
CONCLUSION
The phosphatic fertilizer in current use requires a greater input that cannot be afforded by the farmers of the developing nations. Microbiologists and soil scientists thus have a responsibility to society to find ways and means of making phosphorus available to crops, an economically efficient substitute for fertilization of crops. Since most soils are deficient in plant-available phosphorus and chemical fertilizers are not cost-effective, there is interest in using rhizosphere competent bacteria (RCB) or soil microorganisms endowed with phosphate-solubilizing ability as inoculants to mobilize phosphate from poorly available sources in soil. Although potential clearly exists for developing such inoculants, their widespread application remains limited by a poor understanding of microbial ecology and population dynamics in soil, and by inconsistent performance over a range of environments. Furthermore, promotion of growth of agronomically important plants, as a consequence of microbial inoculation, may not necessarily be associated with characteristics such as phosphate solubilization, which are manifest under laboratory conditions. Further, in order to ensure food security in developing countries, there is an urgent need for the sustainable intensification of agricultural production systems towards supporting productivity grains and income generation. In this context, novel, genetically-modified soil and regionspecific PSM and technologies for their ultimate transfer to the fields have to be developed, pilot-tested and transferred to farmers in a relatively short time.
